Reduced migratory function of circulating angiogenic progenitor cells (CPCs) has been associated with impaired neovascularization in patients with cardiovascular disease (CVD). Previous findings underline the role of the kallikrein-kinin system in angiogenesis. We now demonstrate the involvement of the kinin B2 receptor (B 2 R) in the recruitment of CPCs to sites of ischemia and in their proangiogenic action. In healthy subjects, B 2 R was abundantly present on CD133 ϩ and CD34 ϩ CPCs as well as cultured endothelial progenitor cells (EPCs) derived from blood mononuclear cells (MNCs), whereas kinin B1 receptor expression was barely detectable. In transwell migration assays, bradykinin (BK) exerts a potent chemoattractant activity on CD133 ϩ and CD34 ϩ CPCs and EPCs via a B 2 R/phosphoinositide 3-kinase/eNOS-mediated mechanism. Migration toward BK was able to attract an MNC subpopulation enriched in CPCs with in vitro proangiogenic activity, as assessed by Matrigel assay. CPCs from cardiovascular disease patients showed low B 2 R levels and decreased migratory capacity toward BK. When injected systemically into wild-type mice with unilateral limb ischemia, bone marrow MNCs from syngenic B 2 R-deficient mice resulted in reduced homing of sca-1 ϩ and cKit ϩ flk1 ϩ progenitors to ischemic muscles, impaired reparative neovascularization, and delayed perfusion recovery as compared with wild-type MNCs. Similarly, blockade of the B 2 R by systemic administration of icatibant prevented the beneficial effect of bone marrow MNC transplantation. BK-induced migration represents a novel mechanism mediating homing of circulating angiogenic progenitors. Reduction of BK sensitivity in progenitor cells from cardiovascular disease patients might contribute to impaired neovascularization after ischemic complications.
A ccumulating evidence corroborates the relevance of a heterogeneous population of bone marrow (BM)derived circulating cells, widely referred to as endothelial progenitor cells (EPCs), for the maintenance of endothelial function and vascular integrity and for postnatal vessel growth. 1 Efficient recruitment of EPCs to the injured tissue is fundamental for their proangiogenic function. Consistently, in ischemic pathologies reduced vascularization is associated with an impairment of progenitor cell migration. 2, 3 Various cytokines and growth factors, including vascular endothelial growth factor (VEGF), stromal cell-derived factor-1 (SDF-1), and interleukin-8 (IL-8) participate in EPC recruitment. 4 The most extensively characterized pathway mediating EPC migration centers on the kinase Akt, which phosphorylates among other substrates glycogen synthase kinase (GSK)3␤ and endothelial nitric oxide synthase (eNOS), promoting the activation of ␤-catenin and the production of nitric oxide (NO), respectively. 5, 6 Akt itself is activated through phosphoinositide-3-kinase (PI3K) in response to various stimuli, including ligand-mediated receptor activation. 7, 8 Apart from "classic" growth factors, the kallikrein-kinin system (KKS) contributes to the revascularization of ischemic tissues. 9 Kinins, generated through kininogen cleavage by kallikreins, are present in various tissues. Subject to enzymatic degradation, ie, by kininase II (angiotensinconverting enzyme [ACE]), kinins have a short half-life after release into the circulation but can persist longer in tissues. 10 Kinin gradients are generated in ischemic tissues or because of local tissue kallikrein (KLK1) gene transfer. 11, 12 Kininmediated effects are cell type-specific, which is mainly accomplished by the differential expression, activation, and downstream signaling of its 2 G protein-coupled receptors (GPCRs), the inducible B1 (B 1 R), and the constitutively expressed B2 (B 2 R). Both receptors mediate proangiogenic effects of kinins, although in different pathological circumstances, through, for example, promoting vascular cell proliferation and survival, as well as kinin chemoattraction of endothelial cells and leukocytes. [13] [14] [15] [16] [17] [18] We now report the relevance of the B 2 R for the recruitment of distinct populations of proangiogenic progenitors to sites of ischemia and the impairment of B 2 R signaling in progenitor cells from patients with cardiovascular disease (CVD). Furthermore, we demonstrate that proangiogenic cells are enriched in the fraction of circulating mononuclear cells (MNCs), which are able to migrate toward bradykinin (BK), a result that may have important implications in a clinical and therapeutic perspective.
Materials and Methods

Cell Isolation
MNCs were obtained from anticoagulated peripheral blood (PB) of healthy subjects (nϭ37) or from patients with stable class I angina (SA) (nϭ37) or acute myocardial infarction (aMI) (nϭ31). Lateoutgrowth EPCs were enriched by an adhesion-based method. Likewise, MNCs or EPCs were enriched from bone marrow (BM) of wild-type (WT) or B 1 R-or B 2 R-deficient (B 1 R Ϫ/Ϫ , B 2 R Ϫ/Ϫ ) C57Bl/6 mice.
Flow Cytometry
Using monoclonal, directly labeled antibodies, surface expression of antigens CD133, CD34, VEGF receptor 2 (KDR), CXCR4, CD14, CD11b, and CD45 was recognized on human PB-MNCs and migrating (BK mig ) and nonmigrating (BK non ) cells. B 1 R and B 2 R were detected by unconjugated antibodies followed by anti-rabbit fluorescein-isothiocyanate (FITC) or anti-rabbit phycoerythrin (PE)-AlexaFluor680 antibodies. In digests of mouse adductors, the expression of sca-1, flk-1, and cKit was studied on donor-derived (DiI-labeled) cells. Secondary antibody, isotype and single-staining controls were performed. Fluorescence was analyzed in a fluorescence-activated cell sorter (FACS) Canto II flow cytometer using the FACS Diva software.
Migration
Migration of cultured EPCs was studied as described before, 19 in the presence or absence of icatibant, LY294002 or N5-(1-iminoethyl)ornithine. The lower chamber contained 3ϫ10 Ϫ8 mol/L BK or its vehicle (unstimulated control). For enrichment, total PB-MNCs were left to migrate toward BK for 5 hour and subsequently harvested from the lower chamber.
In Vivo Homing of Progenitor Cells and Promotion of Blood Flow Recovery
WT mice, submitted to operative unilateral limb ischemia 1 day in advance, were injected systemically with BM-MNCs obtained from WT or B 2 R Ϫ/Ϫ mice or with the cell vehicle. Another recipient subgroup received WT BM-MNCs plus icatibant 1 hour before and every 12 hours after cell injection. Homing of injected cells was analyzed 2 days later and limb blood flow recovery was followed for 3 weeks after cell injection.
An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org.
Results
Expression of KKS Components
Expression of B 2 R in total PB-MNCs, CD133 ϩ and CD34 ϩ progenitors and cultured EPCs was documented by flow cytometry and quantitative PCR, whereas B 1 R was low expressed. B 2 R was more abundant in the progenitor cell fractions as compared with total PB-MNCs ( Figure 1 
Enrichment of Putative EPCs Among Human B 2 R ؉ PB-MNCs
We next gated for B 2 R ϩ MNCs to determine whether this fraction contains more progenitor cells than the B 2 R Ϫ population. Flow cytometry verified a strikingly higher abundance of CD133 ϩ KDR ϩ , CD34 ϩ KDR ϩ , CD133 ϩ CXCR4 ϩ , and CD34 ϩ CXCR4 ϩ progenitors within B 2 R ϩ MNCs as compared with B 2 R Ϫ MNCs ( Figure 1B and 1C and supplemental Figure III ). Furthermore, fluorescence-activated cell-sorted B 2 R ϩ cells tended to give rise to more acLDL ϩ UEAI ϩ EPCs in culture as compared with B 2 R Ϫ MNCs ( Figure 1D ).
BK-Induced Migration of Human and Murine EPCs
Stimulation of human EPCs with BK resulted in increased formation of filopodia ( Figure 2A ) and recruitment of rac1 to the cell membrane ( Figure 2B ), which coincided with an activation of directed migration in transwell ( Figure 2C ) and motility in scratch assays ( Figure 2D ). BK-induced EPC polarization, formation of filopodia, and migration were inhibited by the B 2 R antagonist icatibant (Figure 2A through 2D). Implication of the B 2 R, but not the B 1 R, for BKmediated migration was furthermore confirmed using BM-derived EPCs from gene-deficient C57Bl/6 mice ( Figure 2E ). In addition, migration toward BK was blocked by PI3K inhibitor LY294002 or eNOS inhibitor L-iminoethyl-Lornithine (L-NIO) ( Figure 2C ), as well as rac1silencing ( Figure 2F ). Efficient silencing of rac1 is supported by reduction of mRNA and protein expression (supplemental Figure IV , A and B). PI3K␥ plays a crucial role in chemokine-dependent EPC migration and reparative angiogenesis in the mouse. 19, 20 Here, we report for the first time that PI3K␥ is expressed in human EPCs and recruited to the cell membrane in a polarized fashion on BK stimulation (supplemental Figure V We furthermore found an increased phosphorylation of eNOS at Ser1177 after stimulation of EPCs with BK and a concordant but a less pronounced trend with regard to phosphorylation of Akt at Ser473 and GSK3␤ at Ser9 (supplemental Figure VI 
Enrichment of Putative EPCs in Human BK mig MNCs
We then verified whether EPCs can be enriched from total PB-MNCs based on migratory response to BK. After performing a transwell migration assay toward BK using total PB-MNCs, we harvested migrating (BK mig ) and nonmigrating cells (BK non ) from the lower and upper chambers, respectively. Flow cytometry confirmed that B 2 R expression is predominantly found on BK mig MNCs (65.0Ϯ7.9% versus 9.4Ϯ0.6% in BK non ; PϽ0.05; nϭ6). Importantly, cells carrying progenitor cell markers were enriched up to 10-fold among BK mig as compared with BK non cells ( Figure 3A) . In contrast, exposure to BK without migration did not result in higher incidence of CD133 ϩ , CD34 ϩ , KDR ϩ , or CXCR4 ϩ MNCs during the time period used for migration (supplemental Figure VII ). In culture, BK mig MNCs gave rise to a larger number of acLDL ϩ UEAI ϩ EPCs compared with BK non , suggesting that migration may allow for the selection of angio-competent progenitor cells ( Figure 3B ). To verify this possibility and determine whether BK mig -and BK non -derived EPCs possess different angio-supporting capacities, we cocultured them with human umbilical vein endothelial cells (HUVECs) in a Matrigel assay. In both groups, a fraction of EPCs was found as elongated elements integrating into HUVEC networks, whereas another subpopulation appeared as rounded cells that stayed separately from HUVEC structures ( Figure 3C ). Interestingly, however, BK mig -derived EPCs supported HUVEC network formation more efficiently than BK non -derived EPCs (Figure 3D through 3G) . Consistently, BK mig -derived EPCs secreted higher amounts of IL-8 and MCP-1, for which proangiogenic effects have been described, but lower amounts of IL-1␤ and RANTES ( Figure  3H ). 21, 22 
B 2 R Expression and BK Sensitivity in Circulating Progenitor Cells From Patients With Cardiovascular Disease
Consistent with previous reports, 2,23 the number of circulating CD133 ϩ and CD34 ϩ progenitor cells was reduced in SA and aMI patients as compared with healthy controls (supplemental Figure VIII) . In both SA and aMI patients, coexpression of B 2 R on circulating CD133 ϩ and CD34 ϩ cells was severely reduced as compared with healthy subjects (Figure 4A and 4B). Similar to CD133 ϩ and CD34 ϩ progenitors, B 2 R expression on SA EPCs was strikingly reduced ( Figure 4C ). Because of ethical reasons, we were permitted to obtain blood samples adequate to the study EPC outgrowth from PB-MNCs only in patients with SA but not in those with aMI. We next determined whether the reduced expression of B 2 R on circulating progenitors translates into impaired migration toward BK. In aMI and SA patients, migration of CD34 ϩ progenitors toward BK was abrogated. A similar migratory dysfunction was observed for CD133 ϩ cells ( Figure 4E ) and cultured EPCs from SA patients (data not shown). In contrast, in aMI patients, it was still possible to enrich for CD133 ϩ cells, particularly those coexpressing KDR or CXCR4, from PB-MNCs by BK-induced migration ( Figure 4E and 4F) . Interestingly, the in vitro angio-supporting function of the BK mig cells of aMI patients was comparable to BK mig cells of healthy donors, with BK mig being superior to BK non . BK mig from SA patients, however, did not support HUVEC network formation and showed no difference to BK non ( Figure 4G ). 
B 2 R Relevance for Progenitor Cell Homing to Ischemic Tissue and Promotion of Neovascularization
To verify the importance of B 2 R in neovascularization supported by progenitor cells, we used BM-MNCs from B 2 R Ϫ/Ϫ mice in in vitro angiogenesis assays and in an in vivo ischemia model. Mirroring the human data, acLDL ϩ BSI ϩ EPC outgrowth from B 2 R Ϫ/Ϫ BM-MNCs was lower than from WT BM-MNCs (B 2 R Ϫ/Ϫ : 1.2Ϯ1.0% versus WT, 5.4Ϯ0.1% outgrowing EPCs per seeded BM-MNCs; PϽ0.05; nϭ6 per group). Furthermore, B 2 R Ϫ/Ϫ BM-EPCs stimulated HUVEC network formation less efficiently than WT BM-EPCs ( Figure 5A through 5D ). To determine whether deletion of the B 2 R gene may also compromise the in vivo engraftment and proangiogenic capacity of BM-MNCs, we injected Dillabeled B 2 R Ϫ/Ϫ or WT BM-MNCs into the tail vein of syngenic WT recipient mice one day after operative unilateral limb ischemia. An additional WT-injected group received B 2 R antagonist icatibant in addition. We then assessed the absolute number of incorporated cells using flow cytometry of tissue digests. Furthermore, we computed an index of recruitment by normalizing the number of cells homed to the adductors to the number of cells persisting in the PB. Homing was significantly reduced in ischemic adductors of icatibanttreated recipients or when B 2 R Ϫ/Ϫ BM-MNCs were injected as compared with controls given WT BM-MNCs in the absence of icatibant ( Figure 6A and 6B) . No difference in the recruitment to contralateral adductors (data not shown) or the spleens (supplemental Figure IX, A) was found between groups. Flow cytometric analysis of the incorporated cells confirmed impaired recruitment of donor-derived sca-1 ϩ progenitor cells (representing Ͼ95% of homed cells in all groups), as well as the more rare flk-1 ϩ cKit ϩ population under icatibant or B 2 R deficiency ( Figure 6A ).
Using Doppler flowmetry, we followed the recovery of superficial blood flow in the ischemic feet of WT mice who had received B 2 R Ϫ/Ϫ or WT BM-MNCs or vehicle. All groups showed similarly reduced blood flow at 1 day postischemia, when donor cells were injected. Subsequent recovery was faster in the mice which had received WT BM-MNCs than in the vehicle or B 2 R Ϫ/Ϫ group (Figure 6C and supplemental Figure IX, B and C) . Analysis of the area under the curve (multiple measurements of ischemic-to-contralateral blood flow ratio over time) confirmed an effect of treatment on the overall recovery, with WT BM-MNC recipients performing better than vehicle or B 2 R Ϫ/Ϫ group (supplemental Figure IX, B) . To confirm the results of Doppler flow-metry, we measured adductor muscle blood flow by fluorescent microspheres. In pilot experiments, we demonstrated the presence of profound ischemia in adductor muscles at 1 day from surgery, ie, the time of cell injection (supplemental Figure IX, D) . At 3 weeks postischemia/post-cell transplantation, blood flow to ischemic adductors was still reduced in the B 2 R Ϫ/Ϫ or vehicle groups (PϽ0.05 versus contralateral), whereas WT BM-MNCs recipients had completely recovered ( Figure 6D ). Furthermore, the ischemic adductors of mice injected with WT BM-MNCs exhibited a higher number of capillaries and a higher percentage of muscle section area was occupied by vessels, which is compatible with increased neovascularization at late stages of recovery from ischemia ( Figure 6E and 6F and supplemental Figure IX, E).
Discussion
After acute ischemia, a chemokine gradient is established, directing the homing of BM-derived circulating EPCs. Recruited EPCs then complement the reparative response effected by local cells in a direct and indirect (paracrine) fashion. 24, 25 We now provide novel evidence that besides the well-described SDF-1/CXCR4 and VEGF/KDR duos, also BK/B 2 R signaling contributes to recruitment of cells with neovascularization potential. 26, 27 The relevance of KKS components, especially tissue kallikrein (hK1), B 1 R, and B 2 R, in cardiovascular remodeling, endothelial cell function, and angiogenesis have been investigated before. 14, 15, 27 We now show that circulating human CD34 ϩ and CD133 ϩ progenitors and cultured EPCs express crucial KKS components, in particular, B 2 R and kininogens, enabling them to sense kinin gradients as well as to produce kinins themselves and so modulate adjacent cells. Interestingly, expression of ACE, a major kinin-degrading enzyme, was very low in CD34 ϩ and CD133 ϩ cells, suggesting a more prolonged effect of kinins on progenitor cells as compared with mature endothelial cells, which abundantly express ACE. The expression of hK1 (G Spinetti, N Kraenkel, P Madeddu, unpublished data and data not shown, 2008) might facilitate cell migration and invasion, as has been suggested previously. 28 Those data suggest a role for KKS in circulating angiogenic progenitor cell (CPC) function, as has been supported by recent reports: elevated levels of hK1 and kinins have been reported in ischemic tissues and PB of patients with critical vascular disease. 11, 28, 29 KLK1 overexpression in the ischemic myocardium increases circulating EPC levels, as well as the number of cKit ϩ progenitors in the infarct border zone, without altering the homing of proinflammatory CD45 ϩ and CD68 ϩ cells. 30 Our data document now the recruitment of CPCs to the ischemic hindlimb in a B 2 Rdependent fashion. In fact, we observed diminished homing of sca-1 ϩ and flk-1 ϩ cKit ϩ progenitors to the ischemic muscle in a mouse model of unilateral hindlimb ischemia if the cells were deficient for B 2 R or when B 2 R signaling was blocked systemically in recipient mice with icatibant. Furthermore, the BM-EPC angio-supportive effect was abrogated by B 2 R deficiency both in vitro and in vivo, in the latter case with deleterious effects for limb muscle reperfusion.
The PI3K/Akt/eNOS pathway is fundamental for EPC liberation from the BM and subsequent homing to ischemic sites. 31, 32 Here, we newly report directed migration of human EPCs in response to BK stimulation and mediated by B 2 R/ PI3K/eNOS signaling. Stimulation of human EPCs with BK induced eNOS phosphorylation, which was paralleled by augmented NO release. Phosphorylation of Akt and GSK3␤ in BK-stimulated EPCs was less pronounced, yet B 2 Rdependent. This supports the possibility that BK activates eNOS through Akt-dependent and independent mechanisms. Previously, stimulation of endothelial cells with BK has been shown to induce eNOS liberation from inhibitory membrane-bound complexes with B 2 R or caveolin-1, thus allowing eNOS translocation to the cytoplasm and subsequent activation through separate phosphorylation events. 33 Among different PI3K isoforms, PI3K␥ is specifically associated with GPCRs and, therefore, would be expected to mediate phosphorylation steps downstream to B 2 R activation. The interest in PI3K␥ acting as a key regulator of EPC migratory function and vasculogenesis has been vitalized by a series of recent studies in murine models of ischemia. 19, 20 Here, we report for the first time that PI3K␥ is expressed in human EPCs and polarized at the cell membrane following BK challenge. We also found a severe reduction of spontaneous migration in PI3K␥-silenced PB-EPCs and PI3K␥ Ϫ/Ϫ BM-EPCs. Silenced EPCs were still responsive to BK, which was in contrast to total blockade of migration when all PI3K isoforms were inhibited by LY294002. It is, therefore, conceivable that BK-induced EPC migration is only mediated, in part, by PI3K␥ and that other isoforms might associate with the B 2 R. Interestingly, although PI3K␥ is uniquely coupled to GPCRs, PI3K␣ and -␤ isoforms, which are also expressed in vascular cells and leukocytes, can be promiscuously activated by both GPCRs and the tyrosine kinase receptors. 34, 35 An earlier report by Miura et al describing transactivation between the B 2 R and the tyrosine kinase receptor KDR supports the possibility that kinin might exert part of its effects through PI3K␣ and -␤. 36 In recent cell therapy trials, immuno-magnetic sorting has been used to enrich for angio-competent progenitor cells. 37, 38 Here, we provide novel evidence that selection of B 2 R ϩ PB-MNCs results in a higher proportion of EPCs by antigenic and culture definitions. Furthermore, we introduced a migration assay to enrich for functionally responsive progenitor cells. The assay allowed us to document that progenitors which respond to BK have increased angiogenic capacity in vitro as compared with unresponsive cells. These results may have important clinical implications. Several recent studies underline the importance of EPC functional capacity for a successful therapy. 4 The newly developed separation procedure, therefore, could be applied on freshly obtained or immunosorted MNCs to further select for functional progenitor cells before administration to the patient. Although cardiovascular patients exhibit a reduced absolute number of "enrichable" progenitor cells, functionally superior cells are accumulating among the population of migrating cells, as is supported by our data: in healthy subjects, angio-competent CD133 ϩ and CD34 ϩ CPCs are several folds more abundant in B 2 R ϩ , as well as in BK mig , cell populations as compared with B 2 R Ϫ or BK non PB-MNCs. However, in CPCs from CVD patients, B 2 R abundance was drastically reduced, together with an impairment of migratory activity toward BK. This has previously been reported for other receptors, such as SDF-1 receptor CXCR4, involved in angiogenesis and EPC function. 25 Reduced EPC sensitivity toward growth factors is indeed thought to be a mediator of reduced endothelial function and reparative neovascularization in patients with CVD. Reduced BK sensitivity might be another manifestation of this cellular dysfunction.
Analysis of progenitor cell migratory function indicates a substantial difference between subpopulations of progenitor cells from SA and aMI patients. Whereas migration of CD34 ϩ cells was universally impaired, CD133 ϩ cells of aMI patients, more specifically the CD133 ϩ KDR ϩ and CD133 ϩ CXCR4 ϩ subpopulations, could be enriched in the BK mig fraction to an extent comparable to healthy subjects. Recent reports describe an increased mobilization of CD133 ϩ or CXCR4 ϩ cells in aMI as compared with SA, resulting in higher levels per mL of blood. 39, 40 This is thought to be an autologous response to acute ischemia, associated with mobilization of different MNC populations into the circulation. In fact, we found that the absolute but not the relative abundance of progenitor cells is increased in the circulation of aMI as compared with SA patients. To expand on the above-mentioned results, BK mig or BK non cells, obtained from freshly isolated PB-MNCs of aMI and SA patients, were incubated together with HUVECs to study support of endothelial cell network formation. Results indicated that BK mig cells from aMI patients support HUVEC network formation in a way comparable to healthy BK mig cells, whereas BK mig from SA patients are ineffective and not superior to BK non . These data encourage further research exploring the utility of migration as a way to enrich for functionally competent progenitors in the perspective of optimized cell therapy of acute ischemic disease.
Taken together, we demonstrated, for the first time, that B 2 R/BK signaling is important for the attraction of angiocompetent progenitor cells. In patients with CVD, the impairment of B 2 R signaling might contribute to a reduced recruitment of proangiogenic progenitors to the site of ischemia and the suspended blood flow recovery, similar to the situation observed in our limb ischemia model.
